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The pressure-induced changes in the optical properties of the quasi-one-dimensional conductor
LaTiO3.41 were studied by polarization-dependent mid-infrared micro-spectroscopy at room tem-
perature. For the polarization of the incident radiation parallel to the conducting direction, the
optical conductivity spectrum shows a pronounced mid-infrared absorption band, exhibiting a shift
to lower frequencies and an increase in oscillator strength with increasing pressure. On the basis of
its pressure dependence, interpretations of the band in terms of electronic transitions and polaronic
excitations are discussed. Discontinuous changes in the optical response near 15 GPa are in agree-
ment with a recently reported pressure-induced structural phase transition and indicate the onset
of a dimensional crossover in this highly anisotropic system.
I. INTRODUCTION
Perovskite-related titanates are intensively studied
both experimentally and theoretically, since they show
interesting physical properties due to the complex in-
terplay of structural and electronic degrees of freedom.
Recently, special attention was paid to the compounds
RTiO3.0 (with R being a trivalent rare-earth ion),
1 which
are Mott-Hubbard insulators with a Ti 3d1 configura-
tion. LaTiO3.0, in particular, has attracted much atten-
tion [1,2,3,4,5,6,7,8,9,10,11], partly because of different
orbital ordering scenarios. LaTiO3.0 is the end member
of the series LaTiO3.5−x with 0≤x≤0.5, in which one
finds a rich variety of different structural, magnetic, and
electronic properties, depending on the composition pa-
rameter x. Besides the Mott-Hubbard system LaTiO3.0,
the band insulator LaTiO3.5 is a prominent member of
the series because of its ferroelectricity up to extremely
high temperatures.12
Other compounds of the series LaTiO3.5−x were syn-
thesized recently,13 among them LaTiO3.41, which is a
quasi-one-dimensional (quasi-1D) conductor according to
its anisotropic DC resistivity and infrared response.13,14
It crystalizes in a monoclinic structure (space group
P21/c) with lattice parameters a=7.86 A˚, b=5.53 A˚,
c=31.48 A˚, and β=97.1◦.15 The structure consists of
slabs of vertex-sharing TiO6 octahedra separated by ad-
ditional oxygen layers (see Fig. 1). Along c the slabs are
five octahedra wide, and neighboring slabs are shifted
along the a axis by half an octahedron. The octahedra
are tilted away from the a axis and rotated around this
axis, similarly to the GdFeO3-type arrangement of oc-
tahedra in LaTiO3.0.
4 LaTiO3.41 can thus be viewed as
being built of LaTiO3.0-type slabs. The characteristic
units of the crystal structure are chains of TiO6 octahe-
dra, connected via their apical oxygen atoms and oriented
along the a axis. These chains can serve as an explana-
tion for the anisotropic electronic transport properties of
La
Ti
O
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FIG. 1: (Color online) Crystal structure of LaTiO3.41 com-
posed of perovskite-like slabs of vertex-sharing TiO6 octahe-
dra, which are separated by additional oxygen layers.15 Along
the a axis the TiO6 octahedra are connected via their apical
oxygen atoms forming chains.
LaTiO3.41, with relatively low resistivity values along the
chain direction a.13
To shed light on the conduction mechanism of quasi-
1D conducting LaTiO3.41 its polarization-dependent re-
flectivity was studied as a function of temperature.14 An
anisotropic optical response was observed, with a Drude
contribution of free carriers for the polarization of the in-
cident radiation parallel to the conducting crystal axis a
and an insulating character for the perpendicular direc-
tion b. Furthermore, the E‖a optical conductivity spec-
trum includes a pronounced mid-infrared (MIR) absorp-
tion band, showing a shift to lower frequencies and an
increase in oscillator strength with decreasing tempera-
ture. A polaronic model was proposed to account for the
temperature dependence of the MIR band.14
The application of external pressure to LaTiO3.41 up
2to P=18 GPa leads to continuous changes of the crystal
structure:16 The axial compressibilities are anisotropic
with a ratio of approximately 1:2:3 for the a, b, and
c axes. The large compressibility along c results from
the highly compressible oxygen-rich layers separating the
LaTiO3.0-type slabs (see Fig. 1). The differences in axis
compressibilities cause a small increase of the monoclinic
angle from 97.17◦ to 97.43◦ with increasing pressure up
to 18 GPa. From the pressure dependence of the lattice
parameters the octahedral tilt angle against the a axis
was estimated to double at 18 GPa compared to ambient
conditions. Above 18 GPa the appearance of additional
reflections in the x-ray diffraction diagrams indicate a
sluggish structural phase transition, which is completed
at 24 GPa.16
In this paper we report the effect of pressure on the
MIR reflectivity of LaTiO3.41. Reflectivity spectra of
a single-crystal sample were measured for polarizations
along the a and b axes using MIR micro-spectroscopy
in combination with a diamond anvil high pressure cell.
The primary motivation is twofold: (1) Pressure effects
are of considerable interest for the interpretation of the
MIR band polarized along the conducting crystal direc-
tion. (2) In view of the anisotropic compressibility, ex-
ternal pressure is a means to continuously tune the elec-
tronic anisotropy in the ab plane and to explore the pos-
sibility of a crossover from one- to two-dimensional be-
havior. A further question is whether the pronounced
optical anisotropy of the ambient-pressure phase is pre-
served across the first-order structural phase transition
near 18 GPa.
II. EXPERIMENT
The investigated LaTiO3.41 crystals were grown by
a floating zone melting process, and their oxygen con-
tent was determined by thermogravimetric analysis.13
Pressure-dependent reflectance measurements for the
electrical field vector E of the incident light along the a
and b axes were performed in the MIR frequency range
(600-8000 cm−1) at room temperature, using a Bruker
IFs 66v/S Fourier transform infrared spectrometer. The
measurements were carried out partly at the University
of Stuttgart and partly at the infrared beamline of the
synchrotron radiation source ANKA in Karlsruhe. A di-
amond anvil cell equipped with type IIA diamonds suit-
able for infrared measurements was used to generate pres-
sures up to 20 GPa. To focus the infrared beam onto the
small sample in the pressure cell, a Bruker IR Scope II in-
frared microscope with a 15x magnification objective was
used. A field stop of 0.6 mm diameter was chosen, which
yields a geometrical spot size of 40 µm on the sample
(diffraction effects neglected). The LaTiO3.41 crystal was
polished to a thickness of ≈40 µm. The reflectivity of the
free-standing polished sample was checked and found to
be in good agreement with earlier results.14 A small piece
of sample (about 80 µm x 80 µm) was cut and placed in
sample reference
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FIG. 2: (Color online) (a) Room-temperature reflectivity
spectra Rs−d of LaTiO3.41 inside the diamond anvil cell at
P = 0.3 GPa for the polarizations E‖a and E‖b. The light
grey lines are fits of the reflectivity spectra with the Drude-
Lorentz model, taking into account the sample-diamond in-
terface. Inset: Enlargement of the low-frequency range of the
E‖b reflectivity spectrum showing the optical phonon mode
at 800 cm−1. (b) Optical conductivity spectra obtained from
the Drude-Lorentz fits of the reflectivity data shown in (a).
Inset: Geometries for the sample and reference measurements.
the hole (150 µm diameter) of a steel gasket. Finely
ground KCl powder was added as a quasi-hydrostatic
pressure-transmitting medium. The ruby luminescence
method17 was used for the pressure determination.
Polarized reflectivity spectra were measured at the in-
terface between sample and diamond. The measurement
geometry is shown in the inset of Fig. 2 (b). Spectra
taken at the inner diamond-air interface of the empty cell
served as the reference for normalization of the sample
spectra. The absolute reflectivity at the sample-diamond
interface, denoted as Rs−d, was calculated according to
Rs−d(ω) = Rdia × Is(ω)/Id(ω), where Is(ω) denotes the
intensity spectrum reflected from the sample-diamond in-
terface and Id(ω) the reference spectrum of the diamond-
air interface. Rdia was calculated from the refractive in-
dex of diamond ndia to 0.167 and assumed to be indepen-
dent of pressure. This is justified because ndia is known
to change only very little with pressure (∆ndia/∆P =
-0.00075/GPa).18,19 Variations in synchrotron source in-
tensity were taken into account by applying additional
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FIG. 3: (Color online) Room-temperature reflectivity spectra
Rs−d of LaTiO3.41 as a function of pressure for the polari-
zation (a) E‖a and (b) E‖b. The inset in (b) shows the low-
frequency range (700 - 1000 cm−1) of the spectra for four
pressures. The phonon at around 800 cm−1 shifts to higher
frequencies with increasing pressure. The arrows indicate the
changes with increasing pressure.
normalization procedures. Strain-induced depolarization
in the diamond anvil is considered negligible in the pres-
sure range covered in the present experiment.
III. RESULTS
The reflectivity spectra of LaTiO3.41 for the lowest
pressure (0.3 GPa) are shown in Fig. 2(a) for E‖a,b. The
region around 2000 cm−1 is cut out from the experimen-
tal spectra since the diamond multi-phonon absorption
causes artifacts in this range. The overall reflectivity of
the sample in the diamond anvil cell is lower than that of
the free-standing sample14 due to the smaller refractive
index step at the sample-diamond interface.
The optical conductivity was obtained by fitting the re-
flectivity spectra with a Drude-Lorentz model combined
with the normal-incidence Fresnel equation
Rs−d =
∣
∣
∣
∣
ndia −√ǫs
ndia +
√
ǫs
∣
∣
∣
∣
2
, ǫs = ǫ∞ +
iσ
ǫ0ω
, (1)
where ǫs is the complex dielectric function of the sample.
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FIG. 4: Peak position of the phonon mode measured for E‖b.
Different symbols are used for different experimental runs. Up
to 14 GPa the mode hardens in a linear fashion, with a linear
pressure coefficient of 3.2 cm−1/GPa. The line is a linear fit
of the data points. At around 15 GPa an abrupt change in
the frequency of the vibrational feature occurs.
With the 15x objective used in the experiment, the angle
of incidence of the radiation at the diamond-sample inter-
face ranges from 4.1◦ to 9.5◦; the average deviation from
normal incidence is thus small enough to assume nor-
mal incidence for the data analysis. Furthermore, an in-
crease of the background dielectric constant (by 14.5% at
maximum) according to the Clausius-Mossotti relation20
was assumed in the Drude-Lorentz fits to account for the
pressure-induced reduction of the unit cell volume.16
As an example, we present in Fig. 2(a) the Drude-
Lorentz fits of the reflectivity spectra for the lowest ap-
plied pressure (0.3 GPa); the resulting real part σ1 of the
optical conductivity is shown in Fig. 2(b) for both studied
polarizations. For fitting the lowest-pressure data, the
fitting parameters for the reflectivity spectra of the free-
standing sample were used as starting parameters. The
resulting optical conductivity spectra at 0.3 GPa [Fig.
2(b)] are in overall agreement with the ambient-pressure
results.14
For the polarization of the radiation parallel to the con-
ducting axis a the optical conductivity spectrum consists
of a pronounced, asymmetric absorption band, located
at around 2500 cm−1 at 0.3 GPa. For the perpendicular
polarization direction, E‖b, a phonon mode located at
800 cm−1 and a broad band centered around 7000 cm−1
are observed for the lowest applied pressure.
The polarization-dependent reflectivity spectra Rs−d
for pressures up to ≈20 GPa are presented in Fig. 3. Fea-
tures around ω=2500 cm−1 and 3700 cm−1 are artifacts
originating from multi-phonon absorptions of diamond
which are not fully corrected by the normalization pro-
cedure. For E‖a the reflectivity increases continuously
with increasing pressure in the whole frequency range
studied here. In contrast, for E‖b the overall reflectivity
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FIG. 5: (Color online) Pressure-dependent real part of the
optical conductivity of LaTiO3.41 for (a) E‖a and (b) E‖b
at room temperature, obtained by Drude-Lorentz fitting of
the reflectivity data. The arrows indicate the changes with
increasing pressure. The dotted vertical lines in (b) indicate
the frequency positions analyzed in Fig. 7.
is almost unchanged up to a pressure of ≈15 GPa and
only above 15 GPa Rs−d increases strongly. Further-
more, the phonon mode located at 800 cm−1 in the E‖b
spectrum hardens with increasing pressure [for spectra
see inset of Fig. 3 (b)]. In Fig. 4 the peak position of the
phonon mode is shown as a function of applied pressure:
Up to 15 GPa the mode hardens in a linear fashion with
a pressure coefficient of 3.2 ± 0.5 cm−1/GPa; at around
15 GPa a discontinuous change in the frequency of the
observed spectral feature occurs.
The pressure-dependent real part σ1 of the optical con-
ductivity obtained from the Drude-Lorentz fits is pre-
sented in Fig. 5. With increasing pressure the MIR band
observed in the E‖a optical conductivity shifts to lower
frequencies and its oscillator strength increases. This
MIR band is superimposed by a relatively narrow peak
at ≈1200 cm−1, whose oscillator strength strongly in-
creases above 15 GPa. For the polarization E‖b grad-
ual changes set in at ≈ 10 GPa. With increasing pres-
sure the absorption band located at around 7000 cm−1
for the lowest pressure looses oscillator strength and the
spectral weight moves to the frequency range 4000 to
5000 cm−1. A massive redistribution of spectral weight
occurs between 14 and 16 GPa. Furthermore, at around
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FIG. 6: Frequency position (filled squares) and spectral
weight (open triangles) of the E||a MIR band as a function
of pressure. Dashed lines are guides to the eye.
≈ 15 GPa a significant increase of the optical conductiv-
ity in the low-frequency part (<2000 cm−1) of the E‖b
spectrum is observed.
Upon releasing pressure, the pressure-dependent
trends, e.g., overall increase of reflectivity for E‖a, the
sudden change in frequency of the E‖b phonon mode and
the redistribution of spectral weight in the high frequency
range, are reversible.
IV. DISCUSSION
A. Low-pressure regime: P < 15 GPa
In the low-pressure regime (P < 15 GPa) the changes
in the optical response with increasing pressure are conti-
nuous. In the E||b optical conductivity spectrum there
is a small redistribution of the high-frequency spectral
weight near ≈7000 cm−1 towards lower frequency. That
spectral weight may be due to charge transfer excitations,
and the pressure-induced redistribution may reflect sub-
tle alterations in the crystal structure,16 causing changes
in the electronic band structure.
For E||a one finds a monotonic redshift and spectral
weight growth of the pronounced MIR band with increas-
ing pressure. Based on Drude-Lorentz fits of the reflec-
tivity spectra, the contribution of the MIR band to the
optical conductivity was extracted. The zero crossing
of the first derivative of this contribution served as an
estimate for the frequency position of the band. The so-
obtained position of the E||a MIR band is plotted in Fig.
6 as a function of applied pressure. In addition, we show
the pressure dependence of its spectral weight which in-
creases by a factor of two for pressures up to 20 GPa.
Based on its absolute strength and pressure depen-
dence, the MIR band can be interpreted in terms of (i)
excitations of purely electronic character and (ii) excita-
tions involving electron-phonon coupling, i.e., polaronic
5excitations.
For the interpretation of the MIR band in terms of
purely electronic excitations, it is instructive to compare
the ambient-pressure spectrum of LaTiO3.41 with that of
the Mott-Hubbard insulator LaTiO3.0. For LaTiO3.0 the
increase of the optical conductivity at around 700 cm−1
is due to excitations from the lower to the upper Hub-
bard band.21,22,23,24,25 Upon hole doping, additional exci-
tations within the Mott-Hubbard gap were theoretically
predicted26,27 and experimentally demonstrated:23,24,28
namely, a coherent Drude term and an incoherent MIR
band due to transitions between the quasi-particle peak
at the Fermi energy to the upper Hubbard band (or from
the lower Hubbard band to the quasi-particle peak).
In analogy, assuming a Mott-Hubbard picture,
LaTiO3.41 with an electronic configuration 3d
0.18 is in a
highly hole-doped regime, and the E||a MIR band could
be attributed to the predicted incoherent inner-gap ex-
citations. The observed pressure-induced redshift and
spectral weight growth of the MIR band reminds one of
the doping- or thermally-induced changes of the inco-
herent MIR band in Mott-Hubbard systems.29 Accord-
ingly, the pressure-induced effects in LaTiO3.41 could be
attributed to the bandwidth-controlled delocalization of
charges.
It is interesting to compare the crystal structure
of LaTiO3.41 with that of the Mott-Hubbard system
LaTiO3.0:
4 At ambient conditions, the crystal structure
of LaTiO3.0 is of the orthorhombic GdFeO3-type with
characteristic tiltings and distortions of the TiO6 octa-
hedra. The Ti-O1 bond length and Ti-O1-Ti bond angle
(with O1 denoting the apex oxygen ion) influence the 3d
electron bandwidth,28 and amount to 2.03 A˚ and 154◦,
respectively.4 A three-dimensional network of tilted and
distorted TiO6 octahedra is also present in LaTiO3.41
within an (a,b)-slab. Each slab consists of five chains of
TiO6 octahedra along the a axis and connected via their
apical oxygen ions. Within a slab, the octahedral tiltings
and distortions are not homogeneous, but the largest av-
erage Ti-O1-Ti bond angle (163◦) and smallest average
Ti-O1 bond length (1.99 A˚) are present within the chain
at the symmetrical position in the middle of the slab.
Interestingly, in LaTiO3.0 a pressure-induced insulator-
to-metal transition is observed for Ti-O1 bond lengths
just below 2 A˚.30 This suggests that in LaTiO3.41 the
central chains within the slabs play a key role for the
observed conducting properties of this compound.
The other scenario for the interpretation of the pro-
nounced asymmetric E||a MIR absorption band of
LaTiO3.41 is in terms of an optical signature of polaronic
quasi-particles that are formed due to electron-phonon
interaction.31 Within a polaronic picture, the frequency
position of the MIR band is a measure of the polaronic
binding energy and thus of the electron-phonon coupling
strength. Such a MIR absorption band was found in
several well-studied materials, like cuprates,32,33,34,35,36
manganites,37,38,39 and nickelates.32,37,40,41 Also several
titanium oxides show the characteristic absorption fea-
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FIG. 7: Real part of the E||b optical conductivity at three dif-
ferent frequencies (1600, 4600, and 7400 cm−1) as a function
of pressure (extracted from Fig. 5). The dotted vertical line
indicates the pressure where the structural phase transition
reported earlier16 occurs in the optical present optical study.
Dashed lines are guides to the eye.
ture of polarons in the MIR frequency range,42,43,44,45,46
and also for LaTiO3.41 such a picture had been suggested
to explain the pronounced MIR band for E||a.14
In the case of the manganites it was demonstrated
that the MIR band is very sensitive to the application
of chemical or external pressure, see e.g. Refs. 47,48,49.
In the case of doped manganites48,49, pressure effects
were attributed to tuning the strength of the electron-
phonon coupling and thus the extent of the localization
of the charges. In general, a broadening of the electronic
bands, i.e., an enhancement of the electron itineracy, and
a stiffening of the lattice is expected upon pressure ap-
plication. As a consequence, the electron-phonon cou-
pling and therefore the polaronic binding energy should
decrease. So a shift of the MIR band to lower ener-
gies and an increase of the oscillator strength, indicat-
ing an enhanced delocalization of the charge carriers, are
then expected. This is in agreement with the observed
pressure-induced changes of the MIR absorption feature
in LaTiO3.41 [see Figs. 5(a) and 6].
Thus, based on the pressure dependence of the MIR
band it is difficult to draw a conclusion on the question
whether this absorption feature is to be explained by
a Mott-Hubbard or a polaronic scenario. For both the
Mott-Hubbard and the polaron model several examples
exist, where the distinct doping dependences of the spec-
tral features were demonstrated.23,28,34,36,40 Thus, also in
the case of the titanate LaTiO3.41 the doping dependence
of the MIR absorption band might be an important ad-
ditional piece of information. Further insight could be
obtained by a detailed lineshape analysis of the absorp-
tion band.
6B. High-pressure regime: P > 15 GPa
Near 15 GPa we observe discontinuous changes in the
optical response: (i) The oscillator strength of the nar-
row peak superposing the MIR band for the polarization
E||a increases. (ii) For E||b a pronounced redistribu-
tion of spectral weight from high (≈7400 cm−1) to lower
(≈4600 cm−1) frequencies occurs, indicating the shift of
the broad E||b excitation band. (iii) There is a sudden
change in frequency of the vibrational excitation show-
ing up in the MIR spectra (see Fig. 4). (iv) In the low-
frequency part (ω<2000 cm−1) the optical conductivity
perpendicular to the chains, E||b, remains almost con-
stant in the lower pressure range, and starts to increase
above ≈15 GPa (see changes at 1600 cm−1 illustrated in
Fig. 7).
These discontinuities are most probably related to
the pressure-induced structural phase transition, which
was observed at 18 GPa by x-ray diffraction mea-
surements under more hydrostatic conditions.16 Due to
the large number of overlapping reflections, the high-
pressure crystal structure could not be determined; a
reversible distortion of the low-pressure crystal struc-
ture was suggested.16 According to our optical data, the
structural transition affects both the vibrational and elec-
tronic excitations of the system. Above the phase transi-
tion, i.e., for P > 15 GPa, the broad E||b excitation band
is located at ≈5000 cm−1 and remains almost unchanged
when increasing the pressure.
The abrupt increase of the low-frequency part (ω <
2000 cm−1) of the optical conductivity spectrum perpen-
dicular to the chains deserves special attention. It cannot
be simply explained by the redshift of the higher-lying
broad band. An additional oscillator below 2000 cm−1
needs to be included to describe the high-pressure (i.e.,
P > 15 GPa) reflectivity spectra with the Drude-Lorentz
model. This suggests the onset of a pressure-induced
dimensional crossover of the system at 15 GPa, i.e., a
significant increase of the hopping integral perpendicular
to the chains. However, the anisotropy of the material is
preserved up to the highest applied pressure (19.5 GPa),
since the overall optical conductivity for E||a remains
higher compared to E||b.
V. SUMMARY
We studied the polarization-dependent mid-infrared
reflectivity of the quasi-1D conducting titanate
LaTiO3.41 as a function of pressure. Below 15 GPa the
changes with increasing pressure are continuous for both
polarizations studied: For E‖a the overall reflectivity in-
creases; the corresponding optical conductivity contains
a pronounced MIR absorption band showing a redshift
and an increase of spectral weight with increasing
pressure. Based on its pressure dependence, this MIR
band can be interpreted in terms of electronic transitions
within a Mott-Hubbard picture in the hole-doped regime,
but the pressure-induced changes may also be consistent
with an interpretation in terms of polaronic excitations.
Additional information, like the doping dependence, is
called for, in order to be able to distinguish between the
two possible scenarios. For E‖b almost no change in the
reflectivity spectra is induced with increasing pressure
up to 15 GPa; only a small redistribution of spectral
weight towards lower frequencies is observed.
Near 15 GPa, discontinuous changes are clearly ob-
served in the optical response. However, the opti-
cal anisotropy of the low-pressure phase persists in the
regime of the high-pressure phase. This indicates a well-
defined orientational relationship between low-pressure
and high-pressure phases. The dominant change of
the optical response at the phase transition occurs for
E‖b: a pronounced redshift of the excitation band, a
sudden change in frequency of the phonon mode, and
an increase of the low-frequency optical conductivity.
These changes can be related to the recently observed16
pressure-induced structural phase transition, which al-
ters the electronic band structure and induces the onset
of a dimensional crossover in this highly anisotropic sys-
tem.
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